Ultralow-power chip-based soliton microcombs for photonic integration by Liu, Junqiu et al.
Ultralow-power chip-based soliton microcombs for photonic integration
Junqiu Liu,1, ∗ Arslan S. Raja,1, ∗ Maxim Karpov,1 Bahareh Ghadiani,1 Martin H. P.
Pfeiffer,1 Nils J. Engelsen,1 Hairun Guo,1 Michael Zervas,2 and Tobias J. Kippenberg1, †
1École Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
2LIGENTEC SA, CH-1015 Lausanne, Switzerland
(Dated: October 5, 2018)
The generation of dissipative Kerr solitons in
optical microresonators has provided a route
to compact frequency combs of high repetition
rate, which have already been employed for opti-
cal frequency synthesizers, ultrafast ranging, co-
herent telecommunication and dual-comb spec-
troscopy. Silicon nitride (Si3N4) microresonators
are promising for photonic integrated soliton mi-
crocombs. Yet to date, soliton formation in Si3N4
microresonators at electronically detectable rep-
etition rates, typically less than 100 GHz, is hin-
dered by the requirement of external power am-
plifiers, due to the low quality (Q) factors, as
well as by thermal effects which necessitate the
use of frequency agile lasers to access the soli-
ton state. These requirements complicate future
photonic integration, heterogeneous or hybrid, of
soliton microcomb devices based on Si3N4 mi-
croresonators with other active or passive com-
ponents. Here, using the photonic Damascene re-
flow process, we demonstrate ultralow-power sin-
gle soliton formation in high-Q (Q0 > 15 × 106)
Si3N4 microresonators with 9.8 mW input power
(6.2 mW in the waveguide) for devices of elec-
tronically detectable, 99 GHz repetition rate. We
show that solitons can be accessed via simple,
slow laser piezo tuning, in many resonances in
the same sample. These power levels are compati-
ble with current silicon-photonics-based lasers for
full photonic integration of soliton microcombs,
at repetition rates suitable for applications such
as ultrafast ranging and coherent communication.
Our results show the technological readiness of
Si3N4 optical waveguides for future all-on-chip
soliton microcomb devices.
I. INTRODUCTION
Optical frequency combs1,2 have revolutionized time-
keeping and metrology over the past decades, and have
found a wide variety of applications3. First discovered
more than a decade ago, microresonator-based Kerr fre-
quency combs ("microcomb")4,5 are providing a route
to chip-scale optical frequency combs, with broad band-
width and repetition rates in the GHz to THz do-
main. Such microcombs have been demonstrated in a
wide variety of platforms, including CMOS compatible
materials such as silicon nitride (Si3N4)6,7, which al-
lows full photonic integration with other devices on sili-
con, active or passive, such as lasers8, modulators9 and
photodetectors10. The demonstration of microcombs in
the dissipative Kerr soliton (DKS) regime11 has unlocked
the full potential of microcombs, by allowing reliable ac-
cess to fully coherent comb states, which can attain large
bandwidth via soliton Cherenkov radiation12–14. Such
soliton microcombs have already been successfully ap-
plied in counting the cycles of light15, coherent commu-
nication on the receiver and transmitter sides16, dual-
comb spectroscopy17, ultrafast optical ranging18,19, as-
trophysical spectrometer calibration20,21, and for creat-
ing a photonic integrated frequency synthesizer22. These
developments highlight the potential of chip-scale soliton
microcombs for timing, metrology and spectroscopy, al-
lowing unprecedentedly compact devices at low operation
power, fully compatible with wafer-scale fabrication and
suitable for operation in space23.
A particularly promising platform for photonic inte-
grated soliton microcombs is Si3N4, a material that has
a wide transparency window and high material optical
nonlinearity. Recent advances in fabrication have en-
abled access to the anomalous group velocity dispersion
regime (GVD) with sufficient waveguide height24, and
circumvented the problems associated with the high ten-
sile stress of Si3N4 film25. Although the soliton micro-
comb has been directly generated with a diode laser in
a silica microresonator coupled to a tapered optical fiber
recently26, this has not been possible for integrated de-
vices including Si3N4. Yet, there are remaining chal-
lenges in soliton formation in Si3N4 microresonators, re-
lated to: (i) The comparatively low quality (Q) factor
which increases the threshold power of soliton forma-
tion, compared to e.g. crystalline and silica microres-
onators. (ii) Optical coupling losses from the laser to the
chip device, resulting from the optical mode mismatch
at chip facets. (iii) Stable access to soliton states may
require the use of complex excitation techniques such as
"power kicking"27 or single-sideband modulators28. The
first two challenges are particularly problematic for fu-
ture photonic integration, as they necessitate the use
of high-power lasers. So far, for integrated Si3N4 mi-
croresonator devices, soliton formation with device input
power of several hundreds of milliwatts has only been
achieved in microresonators of 1 THz free spectral range
(FSR)22,29–31. Yet in these experiments input coupling
loss still necessitated the use of additional amplifiers to
reach the required power levels of several tens of mil-
liwatts on the chip. Meanwhile, low microcomb initi-
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2ation power at milliwatt or even sub-milliwatt level has
been demonstrated in Si3N4 microresonators ofQ exceed-
ing 10732,33, but solitons have not been observed due to
the insufficient anomalous GVD. Consequently, soliton
formation has been limited to wavelength regions where
optical amplifiers are available. It is only very recently
that soliton generation in high-Q Si3N4 microresonators
of anomalous GVD pumped by an integrated laser was
reported in Ref.34. However in that case, the repetition
rate is 200 GHz, which is not electronically detectable,
resulting in limited application potentials.
Here we demonstrate that the newly developed vari-
ant of photonic Damascene process35,36, the photonic
Damascene reflow process37, can overcome the outlined
challenges and significantly reduce the required input
power for soliton formation in Si3N4 microresonators.
We demonstrate single soliton formation in Si3N4 mi-
croresonators of Q0 > 8.2 × 106 at the lowest repeti-
tion rate to date of 88 GHz, which is electronically de-
tectable, with 48.6 mW power at the chip input facet
(30.3 mW in the bus waveguide). In addition, by further
improving the microresonator Q factors to Q0 > 15×106,
we demonstrate single soliton formation of 99 GHz rep-
etition rate with a record-low input power of 9.8 mW
(6.2 mW in the waveguide). Using only a tunable diode
laser without an optical amplifier, we access single soli-
ton states in eleven consecutive resonances in the tele-
com L-band and five in the telecom C-band, via simple
laser piezo tuning. Such low-power soliton microcombs
of sub-100-GHz repetition rate can significantly simplify
the recently demonstrated dual-comb ultrafast distance
measurements18 and optical coherent communication16,
which required Erbium-doped fiber amplifiers (EDFA) to
amplify the input power to above 1 Watt. In addtion, the
soliton microcombs demonstrated here have shown great
potential for future photonic integrated microwave gen-
erators, and chip-based frequency synthesizers22 via in-
tegration of on-chip lasers, semiconductor optical ampli-
fiers and nonlinear microresonators. Soliton microcombs
formed in wavelength regions where amplifiers are not
available could unlock new applications such as optical
coherent tomography (OCT) at 1.3 µm38 and sensing of
toxic gases and greenhouse gases e.g. methane at 1.6
µm39.
II. SAMPLE FABRICATION
Here, we briefly describe our fabrication process of
Si3N4 microresonator samples. The waveguide is pat-
terned on photoresist on the silicon dioxide (SiO2) sub-
strate, using deep-UV (DUV) stepper lithography. The
pattern is then transferred from the DUV photoresist to
the SiO2 substrate via reactive ion etching (RIE) using
C4F8, O2 and helium. Before the Si3N4 deposition on
the patterned substrate using low pressure chemical va-
por deposition (LPCVD), we do a "preform reflow"37,
where the substrate is annealed at 1250◦C temperature
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Figure 1. Dispersion and resonance linewidth characteriza-
tion of a 88-GHz-FSR microresonator. (a) Microscope im-
age of densely packed 88-GHz-FSR microresonators, using
meander bus waveguides. These samples have no SiO2 top
cladding. Inset: SEM image of the cross-section of a Si3N4
waveguide without SiO2 top cladding. The Si3N4 waveguide
is blue shaded, the SiO2 bottom cladding is red shaded, the
air is not color shaded. (b) The pump resonance at λ = 1558.0
nm and its fit, with the loaded linewidth of κ/2pi = 30.3 MHz
and fitted intrinsic loss of κ0/2pi ∼ 23.2 MHz, corresponding
to Q0 > 8.2 × 106. (c) The resonance at λ = 1620.0 nm and
its fit, with the loaded linewidth of κ/2pi = 28.7 MHz and
fitted intrinsic loss of κ0/2pi ∼ 17.3 MHz, corresponding to
Q0 > 10.7 × 106. (d) Loaded linewidth, intrinsic loss and
coupling strength of each TE00 resonance. Larger intrinsic
loss is found in the wavelength region from 1500 to 1550 nm
(red shaded area), due to the absorption by the N-H and Si-
H bonds in LPCVD Si3N4. (e) Measured GVD of the TE00
mode family. Several avoided mode crossings are observed,
where resonance linewidth increases.
with atmospheric pressure. Due to the high tempera-
ture and the SiO2 surface tension, the sidewall rough-
ness caused by the RIE on the SiO2 preform is reduced,
which reduces scattering losses and leads to ultra-smooth
waveguide side surfaces. This helps to improve the Q of
our Si3N4 microresonators.
The LPCVD Si3N4 film is deposited on the SiO2 sub-
strate, filling the preform trenches and defining the Si3N4
3waveguides. The deposition is followed by chemical-
mechanical polishing (CMP) which removes the excess
Si3N4 and creates an ultrasmooth waveguide top surface.
The substrate is annealed at 1200◦C in nitrogen atmo-
sphere, to drive out the residual hydrogen content intro-
duced from the SiH2Cl2 and NH3 utilized in the LPCVD
Si3N4 process. Adding SiO2 top cladding is optional,
while both situations are considered in our work, which
will be described later. Finally, the wafer is separated
into chips by dicing or with deep RIE. More details of
fabrication process are found in Ref.36 and37.
For integrated chip-based nonlinear photonics, inverse
nanotapers40 are widely used as chip input couplers and
can achieve high fiber-chip-fiber coupling efficiency and
broad operation bandwidth. The standard subtractive
process32,41 requires the taper width to be less than 100
nm, to achieve fiber-chip-fiber coupling efficiency of 40%
or more. Thus the resolution of DUV stepper lithogra-
phy is incompatible with the substrative process, which
requires instead electron beam lithography. For the Dam-
ascene process, the required optimum taper width is
above 400 nm, to attain 40% coupling efficiency, thus
the DUV stepper lithography is compatible with this
process. The high coupling efficiency with much larger
taper width, compared with the one used in the sub-
tractive process, is due the strong aspect-ratio-dependent
etch rate42 of the preform RIE, which is specifically engi-
neered to allow the creation of double-inverse nanotapers
as chip input couplers (more details are found in Ref.43).
The double-inverse nanotaper enables high coupling effi-
ciency (40% or more) with large taper width (above 400
nm) for both the transverse-electric (TE) and transverse-
magnetic (TM) polarizations, due to the reduced taper
height, whcih increases the evanescent field size at the
taper tip, thus improving the mode match between the
taper mode to the incident lensed fiber mode43.
III. SOLITON COMB OF 88 GHZ REPETITION
RATE
In the first part, we demonstrate single soliton for-
mation in 88-GHz-FSR microresonators, with the fun-
damental TE mode (TE00). Fig. 1(a) shows the micro-
scope image of the 88-GHz-FSR microresonators. The
microresonator samples described in this section have no
SiO2 top cladding, as shown in Fig. 1(a) inset. Meander
bus waveguides are used to densely pack a large number
of devices on one chip. The Si3N4 microresonator has a
cross-section, width×height, of 1.58 × 0.75 µm2, and is
coupled to a multi-mode bus waveguide of the same cross-
section for high coupling ideality44. The polarization of
the incident light to the chip is controlled by fiber polar-
ization controllers, and the polarization state is measured
using linear polarizers. The microresonator transmission
trace is obtained from 1500 to 1630 nm using frequency-
comb-assisted diode laser spectroscopy45,46. The precise
frequency of each data point is calibrated using a com-
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Figure 2. Single soliton formation in the 88-GHz-FSR mi-
croresonator. (a) Simulated single soliton spectrum based on
the measured microresonator’s parameters, in the TE00 mode.
Pb = 30.6 mW corresponds to Pin = 48.6 mW. (b) Single soli-
ton spectrum pumped at λp = 1558.0 nm in the TE00 mode,
with a pump power of Pin = 48.6 mW (Pb = 30.6 mW). Inset:
cavity response measurement using the VNA, verifying that
the spectrum is a single soliton state. (c) Single soliton spec-
trum pumped at λp = 1558.0 nm in the TM00 mode, with the
pump power Pin = 80.0 mW (Pb = 50.4 mW).
mercial femtosecond optical frequency comb with 250
MHz repetition rate. For the TE00 mode family, the
FSR of the microresonator and the anomalous GVD are
extracted from the calibrated transmission trace by iden-
tifying the precise frequency of each resonance. The to-
tal (loaded) linewidth κ/2pi = (κ0+κex)/2pi, the intrinsic
linewidth (intrinsic loss) κ0/2pi and the coupling strength
κex/2pi are extracted from each resonance fit47,48.
The measured linewidths of each TE00 resonance are
shown in Fig. 1(d). These resonances are all under-
coupled. Larger linewidths are found in the wavelength
region from 1500 to 1550 nm, due the absorption by
the nitrogen-hydrogen (N-H) and silicon-hydrogen (Si-H)
bonds in LPCVD Si3N4 material49,50. These bonds are
introduced during standard LPCVD Si3N4 process based
on SiH2Cl2 and NH3 precursors51, and can be partially
removed by thermal annealing. Fig. 1(b) shows the res-
onance at λ = 1558.0 nm. The resonance fit shows a
loaded linewidth of κ/2pi = 30.3 MHz, and the estimated
intrinsic loss based on the resonance fit is κ0/2pi ∼ 23.3
MHz, corresponding to the intrinsic Q0 > 8.2 × 106.
Fig. 1(c) shows the resonance at λ = 1620.0 nm, with
a loaded linewidth of κ/2pi = 28.7 MHz, and the esti-
mated intrinsic loss is κ0/2pi ∼ 17.3 MHz, correspond-
ing to the intrinsic Q0 > 10.7 × 106. Fig. 1(e) shows
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Figure 3. Dispersion and resonance linewidth characteriza-
tion of a 99-GHz-FSR microresonator. (a) The critically cou-
pled resonance at λ = 1621.8 nm and its fit, with the loaded
linewidth of κ/2pi = 27.9 MHz and fitted intrinsic loss of
κ0/2pi ∼ 13.7 MHz. (b) SEM image of the cross-section of a
Si3N4 waveguide with full SiO2 cladding. The Si3N4 waveg-
uide is blue shaded, the SiO2 cladding is not color shaded. (c)
Loaded linewidth, intrinsic loss and coupling strength of each
TE00 resonance. No prominent hydrogen absorption loss is
observed in the wavelength region from 1500 to 1550 nm. (d)
Measured GVD of the TE00 mode family. Several avoided
mode crossings are observed, where resonance linewidth in-
creases. A strong mode crossing is found at 1577 nm, with
-5.9 GHz resonance frequency deviation. (e) Histogram of
intrinsic loss from the measurement of eight under-coupled
samples. The most probable value of the histogram is around
13 - 14 MHz, which represents the Q factor of Q0 > 15× 106.
the measured microresonator integrated GVD, defined as
Dint(µ) = ωµ−ω0−D1µ = D2µ2/2+D3µ3/6+...46. Here
ωµ/2pi is the frequency of the µ-th resonance relative to
the reference resonance ω0/2pi = 192.6 THz (λ0 = 1558.0
nm, as shown in Fig.1(b)). D1/2pi corresponds to the
FSR. D2, D3 and other higher order terms determine the
GVD profile. The fit values obtained from the dispersion
measurement are D1/2pi ∼ 88.63 GHz, D2/2pi ∼ 1.10
MHz and D3/2pi ∼ O(1) kHz.
When the pump laser scans over the resonance from
the blue-detuned side to the red-detuned side, a step in
the transmission trace can be observed, signaling to the
soliton formation11. To generate and characterize soliton
states, we use a setup as describe in Ref.52. Fiber-chip-
fiber transmission of 40% (coupling efficiency of 63% per
device facet) is achieved via double-inverse nanotapers
on the chip facets43. The input power (Pin) is defined as
the power measured before the input lensed fiber which
couples light into the chip device. Thus the optical power
in the bus waveguide (Pb) on the chip, which directly
pumps the microresonator, is calculated as Pb = 0.63Pin.
In our setup, the output power of the diode laser can
go as high as 23 mW, with few milliwatt power varia-
tion depending on the wavelength. We use an EDFA
to slightly amplify the optical power to Pin = 48.6 mW
(Pb = 30.6 mW). To access the single soliton state, we
use a single-sideband modulator28, and a single soliton
spectrum is observed as shown in Fig. 2(b), verified by
the system response measurement using vector network
analyzer (VNA)52. The observed double resonance re-
sponse shown in Fig. 2(b) inset corresponds to the cavity
resonance of the continuous wave ("C-resonance"), and
the soliton-induced resonance ("S-resonance"). These
two resonances can be distinguished by increasing the
detuning of the soliton state52. Fig. 2(a) shows the
simulation of soliton formation based on Lugiato-Lefever
equation53,54 using the measured microresonator param-
eters. The simulated soliton spectrum is nearly identical
to the measured one. We also generate a single soliton in
the TM00 mode (D1/2pi ∼ 86.35 GHz, D2/2pi ∼ 0.967
MHz, D3/2pi ∼ 5.4 kHz) pumped at the wavelength
λp = 1558.0 nm, with the input power Pin = 80.0 mW
(Pb = 50.6 mW), as shown in Fig. 2(c). This soli-
ton spectrum is broader than the one in the TE00 mode
shown in Fig. 2(b), likely due to the lower D2 value and
higher power. The estimated power conversion efficiency
from the CW pump to the soliton pulse is around 1.5%,
with the power per comb line around 20 µW in the 3 dB
bandwidth. Compared to prior works shown in Ref.16,18
which use solitons of repetition rate less than 100 GHz
with input power exceeding 1 Watt, our work represents
a significant power reduction, while the power per comb
line of 20 µW still can achieve the same goals as Ref.16,18.
IV. SOLITON COMB OF 99 GHZ REPETITION
RATE
In the second part of our work, we demonstrate single
soliton formation in 99-GHz-FSR microresonators. Fig.
1(d) shows that hydrogen absorption is the main loss
reason which prevents the generation of 88 GHz soliton
with lower power. Therefore we further improved the
fabrication process, in order to remove hydrogen absorp-
tion losses. Note that, the hydrogen is likely introduced
due to the incomplete thermal annealing, or moisture
in the air which forms a thin water film on the sam-
ple surface, or a combination of both two. Therefore in
5a new wafer fabrication run, we annealed the LPCVD
Si3N4 via deposition - annealing - deposition - anneal-
ing cycles, as described in Ref.55. To prevent water film
formation on the wafer, a thick SiO2 top cladding com-
posed of TEOS and low temperature oxide (LTO) was
deposited via LPCVD on the Si3N4 waveguides (SEM
image of the waveguide cross-section is shown in Fig.
3(b)), followed by thermal annealing. Simultaneously,
the dry etching process which patterns the SiO2 preform
was optimized, to further reduce mask damage and side-
wall passivation, which can reduce the waveguide sidewall
roughness and the number of defects. Fig. 3(c) shows the
loaded linewidth, intrinsic loss and coupling strength of
each TE00 resonance of a Si3N4 microresonator whose
cross-section, width×height, is 1.58× 0.81 µm2. The mi-
croresonator FSR is D1/2pi ∼ 98.9 GHz. Compared with
Fig. 1(d), Fig. 3(c) shows significant reduction of in-
trinsic loss in the wavelength range from 1500 to 1550
nm, demonstrating the successful removal of hydrogen in
LPCVD Si3N4. Some resonances with large linewidth are
caused by avoided mode crossings, in accordance with
the observed avoided mode crossings in the dispersion
measurement shown in Fig. 3(d). The measured GVD
is D2/2pi ∼ 1.23 MHz, with respect to ω0/2pi = 188.0
THz (λ0 = 1596.1 nm as the pump resonance in Fig.
4). Figure 3(e) shows the histogram of intrinsic loss from
the measurement of eight under-coupled samples. These
samples have the same waveguide cross-section but differ-
ent bus-waveguide-to-microresonator gap distance. The
most probable value of the histogram is around 13 - 14
MHz, which represents the Q factor of Q0 > 15 × 106.
Fig. 3(a) shows the resonance at λ = 1621.8 nm and its
fit, with the loaded linewidth of κ/2pi = 27.9 MHz and
fitted intrinsic loss of κ0/2pi ∼ 13.7 MHz.
Silicon nitride microresonators of anomalous GVD and
Q factor exceeding 10 × 106 have been reported32,33,
however single soliton generation has not been demon-
strated. In those works, large waveguide width (≥ 2.5
µm) was used. Despite the fact that the large waveg-
uide width reduces optical mode interaction with the
waveguide sidewall roughness, and thus reduces the scat-
tering loss caused by the sidewall roughness, the re-
sulted weak anormalous GVD due to the large waveg-
uide width is insufficient for single soliton generation with
low power. Here, with the high Q and strong anomalous
GVD (D2/2pi ∼ 1.23 MHz), we generate a single soli-
ton of 99 GHz repetition rate with 9.8 mW input power
(6.2 mW power in the bus waveguide), directly from the
diode laser, without EDFA. The experimental setup is
shown in Fig. 4(a), and the single soliton spectra are
shown in Fig. 4(b). Parametric oscillation which gen-
erates frequency sidebands is observed around 1.7 mW
chip input power. When the diode laser scans over the
resonance, the observed soliton step varies from several
hundred of microsecond to a millisecond (a representa-
tive soliton step in the transmision trace is shown in Fig.
4(c)), which is sufficiently long for accessing the single
soliton state via simple laser piezo tuning11. Increas-
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Figure 4. Single soliton formation in a 99-GHz-FSR mi-
croresonator without EDFA. (a) Experimental setup. ECDL:
external-cavity diode laser. OSC: oscilloscope. OSA: optical
spectrum analyzer. ESA: electrical spectrum analyzer. FPC:
fiber polarization controller. PD: photodiode. (b) Single soli-
ton spectra pumped at λp = 1596.1 nm in the TE00 mode,
with the input pump powers of Pin = 9.8 mW (Pb = 6.2
mW, red) and Pin = 20.1 mW (Pb = 12.6 mW, blue). (c) A
representative soliton step of several hundred of microsecond,
sufficiently long for accessing the single soliton state via sim-
ple laser piezo tuning. (d) Low-frequency RF spectrum of the
optical spectrum with Pin = 9.8 mW (red), demonstrating the
soliton nature of the spectrum.
ing power to the maximum laser output (around 20.1
mW) increases the soliton bandwidth. The estimated
power conversion efficiency from the CW pump to the
soliton pulse is around 1.7%. To identify the soliton na-
ture of the spectrum, in this case a VNA measurement
is difficult to implement due to the large EOM insertion
loss and the limited diode laser output power. Instead,
the soliton nature is revealed by the low-frequency ra-
dio frequency (RF) spectrum, as shown in Fig. 4(d),
which can be well distinguished from the recorded noisy
comb spectrum (modulation instability, not shown here).
We observed that, the single soliton generation with less
than 10 mW input power is highly reproducible in res-
onances close to avoided mode crossings. In our case,
without the EDFA and its gain bandwidth limitation,
we tune the diode laser frequency to a resonance which
is close to a mode crossing, and investigate the minimum
power for single soliton generation. We have experimen-
tally measured several samples, and observed that such
sub-10-mW-power single soliton generation is highly re-
producible in these resonances, all of which feature long
soliton steps (similar to the one shown in Fig. 4(c)). It
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Figure 5. Characterization of a different 99-GHz-FSR microresonator, and single soliton formation in multiple resonances. (a)
Loaded linewidth, intrinsic loss and coupling strength of each TE00 resonance. (b) Measured GVD of the TE00 mode family.
(c) Single soliton formation in twenty selected resonances, eleven of which are consecutive in the telecom L-band, and five of
which are consecutive in the telecom C-band. λp is the wavelength of the pumped resonance. The complete hydrogen removal
facilitates the soliton generation in the hydrogen absorption band.
appears that the mode crossings can facilitate single soli-
ton formation with lower power, compared with normal
resonances far from mode crossings. This phenomenon is
likely due to single soliton generation assisted by spatial
mode-interactions56.
We further investigate the single soliton formation over
the full tuning range of the diode laser. Fig. 5(a),
(b) show the measured resonance linewidth and mi-
croresonator dispersion of a different 99-GHz-FSR mi-
croresonator (D1/2pi ∼ 98.9 GHz, D2/2pi ∼ 1.19 MHz,
D3/2pi ∼ −1.1 kHz). Fig. 5(c) shows the single soliton
spectra pumped at twenty selected resonances, eleven of
which are consecutive in the telecom L-band, and five
of which are consecutive in the telecom C-band. These
spectra are generated with laser output power around 22
mW, and all accessed via simple laser piezo tuning. The
complete hydrogen removal facilitates the soliton gener-
ation in the hydrogen absorption band. We did not in-
vestigate the minimum power to generate soliton in these
resonances. We have also accessed single or few soliton
state in other resonances in the same sample, in addi-
tion to the ones shown in Fig. 5(c). The single soliton
generation in a broad range of resonances demonstrates
the reliability of our fabrication process, and offers extra
flexibility to investigate spectrally localized effects, such
as avoided mode crossings, which can enable the forma-
tion of dark pulses in the normal GVD region57,58, and
breathing solitons59.
V. CONCLUSION
In summary, we present ultralow-power single soliton
formation in integrated high-Q Si3N4 microresonators
of sub-100-GHz FSR. We demonstrate soliton forma-
tion in a 88-GHz-FSR microresonator at 48.6 mW in-
put power. The ultralow-power soliton formation results
mainly from the microresonator’s high Q (estimated in-
trinsic Q0 > 8.2 × 106) and the >40% device-through
coupling efficiency. In addition, by further improving
the microresonator Q factor to Q0 > 15 × 106 and re-
ducing the thermal effects due to hydrogen absorption,
we demonstrate single soliton formation of 99 GHz repe-
tition rate with a record-low input power of 9.8 mW (6.2
mW in the waveguide), accessed via simple laser piezo
tuning. We demonstrate the simplicity of soliton tuning
and result reproducibility in twenty selected resonances
in the same sample. Our work demonstrates soliton mi-
crocomb generation in Si3N4 integrated microresonators
with milliwatts power level, central for applications which
7require low power consumption, such as photonic chip-
based microwave generators, integrated frequency syn-
thesizers, OCT and dual-comb spectroscopy.
Data availability : The code and data used to produce
the plots within this Article are available on Zenodo60.
All other data used in this study are available from the
corresponding authors upon reasonable request.
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